Introduction {#S1}
============

An important area in contemporary cancer research is defining the causative genetic alterations in tumors and their utility as molecular targets. In this regard, gene expression profiling studies have identified overexpression of the serine-threonine kinase PIM1 in a significant fraction of human prostate tumors where its expression is found to be tightly associated with that of c-MYC (hereafter, MYC) ([@R13]; [@R15]; [@R34]). Pim1 is also overexpressed in Myc-driven transgenic mouse prostate tumors and Pim1 overexpression increases the tumorigenicity of human prostate cancer cell lines ([@R15]), ([@R8]; [@R9]; [@R27]; [@R29]). Previous studies in mouse lymphoma models have shown that Pim1 and Myc synergize to promote lymphomagenesis ([@R35]).

Pim1 is able to interact and phosphorylate several targets that are involved in cell cycle progression or apoptosis. Pim1 can inhibit apoptosis through interactions with the anti-apoptotic molecules, bcl-2 and Gfi-1 ([@R32]) or by inactivating phosphorylation of Bad at serine 112 ([@R4]). Substrates of Pim1 involved in cell cycle regulation include p21^Cip1^ ([@R38]), p27^Kip1^ ([@R25]), NuMA ([@R8]), Cdc25A ([@R24]), Cdc25c ([@R6]) and c-TAK1 ([@R5]). Recent studies showed that Myc recruits Pim1 to the E boxes of Myc target genes where Pim1-dependent phosphorylation of histone H3 on serine 10 contributes to the activation of Myc target genes and cellular transformation ([@R45]). Other studies suggest that Pim1 can phosphorylate c-Myc and inhibit its degradation ([@R43]). All of these observations suggested the possibility that Pim1 may cooperate with Myc in prostate tumorigenesis. However, whether Pim1 does cooperate with c-Myc in prostate tumorigenesis *in vivo* has to our knowledge not been conclusively demonstrated.

In this report, we first showed that coexpression of MYC and PIM1 in human prostate cancer samples correlated with tumor grade. Then we used a tissue recombination model to directly examine cooperativity between MYC and Pim1 in prostate tumorigenesis and the possible role of Pim1 kinase activity in this process. Our results revealed a potent synergy between Pim1 and MYC in prostate tumor development that is critically dependent on Pim1 kinase activity.

Materials and Methods {#S2}
=====================

Lentiviral constructs {#S3}
---------------------

We generated lentiviral constructs coexpressing YFP and mouse Pim1, Pim1 kinase-dead mutant K67M ([@R28]), human c-MYC or c-MYCS62D. Additional details are provided in the [Supplementary Methods](#SD1){ref-type="supplementary-material"}.

Tissue recombination {#S4}
--------------------

All lobes of prostates were isolated from 6 week old C57BL/6 mice, minced and digested with collagenase (Gibco-BRL) at 37°C for 90 min. A single cell suspension was generated using Trypsin, Dispase and DNase I, and passed through 100µm nylon mesh (BD Biosciences). Dissociated prostate cells were infected with lentivirus at MOI 50--100 in the presence of 8 µg/ml polybrene using the centrifugation method ([@R39]). Rat fetal urogenital mesenchyme (UGM) was prepared from 18-day embryos. Urogenital sinuses were dissected from fetuses and separated into epithelial and mesenchymal components by tryptic digestion as described previously ([@R18]). Single cells of UGM were then prepared by a 90-min digestion at 37°C with 187 units/ml collagenase. 2×10^5^ cells were recombined with 2.5×10^5^ rat urogenital mesenchyme (UGM) and suspended in rat tail collagen prepared as described ([@R18]). The recombinants were incubated overnight and subsequently placed beneath the renal capsule of male SCID mice. Six or 12 weeks after grafting, the hosts were sacrificed. Animal experiments were performed according to protocols approved by the Institutional Animal Care and Use Committee at Vanderbilt University.

Histology and Immunohistochemistry {#S5}
----------------------------------

Histological and immunohistochemical analyses were performed as described ([@R1]; [@R3]). Details of antibodies are in the [Supplementary Methods](#SD1){ref-type="supplementary-material"}. For Ki67 and activated caspase3 quantitation, we counted at least 1000 cells per graft. For human prostate tumors samples, tissue arrays from Imgenex were stained by double immunofluorescence for MYC (Santa Cruz Biotechnology, 1:15,000 with Tyramide Signal Amplification) and PIM1 (Santa Cruz Biotechnology, 1:50) as described ([@R22]). Coexpression was scored in samples where at least 50% of the cells coexpressed both antigens. Epithelial staining intensity was scored where ≥ 5% of cells show staining on a 4-point scale (0=negative, 1=weak, 2=intermediate, 3=strong) and samples were categorized as either not overexpressing (scores 0, 1) or overexpressing (scores 2, 3) the antigen. Tissue histology was confirmed by H&E staining.

Western blot analyses {#S6}
---------------------

These were performed as described previously ([@R28]) using the following antibodies: c-MYC, Pim1, AR, β-actin (Santa Cruz Biotechnology, 1:500); Cyclins D1, D2 , E (Santa Cruz Biotechnology, 1:1000**);** c-MYC phospho S62 (Abcam, 1:1000).

Statistical analysis {#S7}
--------------------

We compared groups by using t-test or Chi-square test (<http://www.quantpsy.org>). Values were considered statistically significant at *P* \< 0.05. Quantitative variables are expressed as means ± SD while categorical variables are expressed as numbers (%).

Results {#S8}
=======

Co-expression of c-MYC and Pim1 in human prostate cancer {#S9}
--------------------------------------------------------

To examine co-expression of MYC and PIM1 proteins in human prostate tumors, we employed immunohistochemical analysis of tissue microarrays (TMAs) from total prostatectomy specimens. Out of 91 specimens examined, MYC staining was observed in 52 (57%) cases and PIM1 staining was present in 58 (64%). There was considerable overlap between samples that express MYC and PIM1 (44.4%) ([Fig. 1A, B](#F1){ref-type="fig"}). In addition, coexpression of c-MYC and PIM1 was significantly correlated to higher Gleason grades. Of 28 samples with Gleason grade 4/5, seventeen (61%) were MYC/PIM1 double-positive ([Fig. 1C](#F1){ref-type="fig"}). These results are consistent with, and extend previous findings that MYC and PIM1 mRNA are frequently coexpressed in human prostate tumors ([@R13]; [@R15]).

Pim1 and MYC synergize to accelerate prostate cancer progression {#S10}
----------------------------------------------------------------

To study the effects of MYC and Pim1 on naïve mouse prostate epithelium, we employed tissue recombination with lentiviral-mediated gene transfer ([@R11]; [@R39]). We first generated lentiviruses expressing Pim1, K67M (kinase-dead Pim1 mutant) and MYC as well as yellow fluorescent protein (YFP) variant, Venus ([Fig. 2A](#F2){ref-type="fig"}, [Fig. S1](#SD2){ref-type="supplementary-material"}). We then infected dissociated prostate cells from 6-week old C57BL/6 mice with the control, Pim1, K67M or MYC-expressing lentiviruses singly or in combination (MYC/Pim1 or MYC/K67M). Cells were combined with rat urogenital sinus mesenchyme (UGM) and grafted under the renal capsules of SCID mice to regenerate prostates ([Fig. 2B](#F2){ref-type="fig"}). After six weeks, gross examination showed that the MYC/Pim1 grafts had formed large hemorrhagic tumors while control, or Pim1, or K67M, or MYC and MYC/K67M grafts were small and did not differ significantly in their sizes ([Fig. 2C](#F2){ref-type="fig"}). Western blot confirmed appropriate transgene expression ([Fig. 2D](#F2){ref-type="fig"}). In MYC/Pim1 tumors, the protein levels of MYC and Pim1 appear elevated, which may be due to the increased cellularity of tumors or other mechanisms such as reduced protein degradation. It is known that both MYC and PIM1 have a short half-life ([@R30]; [@R40]) and Pim1 inhibits MYC degradation in a kinase-dependent manner ([@R43]). Histologically, all grafts from control (N=7), Pim1 (N=8) or K67M (N=8) group consisted of normal-looking prostatic glands ([Fig. 3A](#F3){ref-type="fig"}). Thus, Pim1 expression does not lead to a discernible pathology, consistent with it being a weak oncogene. By contrast, all MYC (N=19) and MYC/K67M (N=11) grafts showed multiple foci of high-grade PIN (HGPIN), a putative precursor lesion for prostate carcinoma. These lesions are characterized by nuclear pleomorphism, prominent nucleoli, high mitotic activity, apoptotic figures and stromal hypercellularity. None of the MYC or MYC/K67M 6-week grafts showed evidence of invasive cancer ([Fig. 3A](#F3){ref-type="fig"}).

Strikingly, MYC/Pim1 grafts (N=13) consisted of prostate tumors growing as sheets of cells with notable rosette formation upon histological examination. The tumor cells have bubbly cytoplasm, vesicular nuclei, high nuclear:cytoplasmic ratios, large nuclei and prominent nucleoli ([Fig. 3A](#F3){ref-type="fig"}). These tumors are also highly vascular. Histologically, these tumors are consistent with neuroendocrine carcinomas and look similar to human prostate neuroendocrine or small cell carcinoma ([Fig. 3B](#F3){ref-type="fig"}). We observed a single mouse that died of metastatic carcinoma in the sixth week. These results indicate potent cooperation between MYC and Pim1 in prostate tumorigenesis which is critically dependent on Pim1 kinase activity.

MYC/Pim1 tumors show high rates of proliferation, apoptosis and evidence of enhanced MYC function {#S11}
-------------------------------------------------------------------------------------------------

The Pim1 kinase may inhibit apoptosis via interactions with the anti-apoptotic molecules, Bcl-2 and Gfi-1 ([@R32]) or by phosphorylation of the pro-apoptotic protein Bad at serine 112 ([@R4]). On the other hand, Pim1 has also been reported to promote c-Myc mediated apoptosis in serum-deprived Rat-1 fibroblasts ([@R24]). It is speculated that Pim1 cooperates with Myc by inhibiting the apoptotic effect of Myc. We examined proliferation and apoptosis using immunohistochemical staining. Notably, the rates of proliferation (Ki-67 index) and apoptosis (activated caspase 3 index) were similarly low in the 6-week control, Pim1 and K67M grafts, consistent with the absence of histological alterations in those samples. However, there were significant increases in proliferation and apoptosis in the MYC grafts and similar increases were noted in the MYC/K67M group relative to control. The Ki67-index was dramatically increased in the MYC/Pim1 tumors consistent with the high-grade nature of these cancers. The apoptotic index was also similarly elevated indicating high turnover of the tumor cells ([Fig. 4A, B](#F4){ref-type="fig"}). The increased apoptosis in the MYC/Pim1 tumors may indicate high cell turnover due to the markedly elevated rates of proliferation. Since there were many more cells undergoing proliferation than apoptosis, the net effect was increased tumor growth.

Reports indicate that Pim1 may enhance MYC activity by increasing the phosphorylation of MYC on serine-62 (MYCS62P) leading to enhanced stability and transcriptional activity ([@R9]; [@R43]). Other studies have shown that Pim1 phosphorylation of histone H3 on serine-10 facilitates transcriptional activation by MYC ([@R45]). Based on these studies, it is expected that MYC activity will be enhanced in MYC/Pim1-expressing tumors. In agreement with this notion, we found that relative levels of MYC and its targets cyclins D1, D2, E were elevated in MYC/Pim1 tissues comparing those in MYC or MYC/K67M grafts ([Fig. 4C, D](#F4){ref-type="fig"}). Furthermore, MYCS62P levels normalized to total MYC protein levels were higher in MYC/Pim1 tumors than MYC or MYC/K67M grafts ([Fig. 4E](#F4){ref-type="fig"}).

To directly assess the contribution of MYC phosphorylation on serine-62 to tumorigenic activity *in vivo*, we generated grafts using lentiviruses expressing the MYCS62D (serine-to-aspartic acid) phosphomimetic mutant or wild type MYC (n=4--5). Histological examination revealed no significant differences between MYC and MYCS62D grafts. Both showed HGPIN with no evidence of invasive cancer as confirmed by SMA staining ([Fig. 4E](#F4){ref-type="fig"}). To assess rates of proliferation, we co-stained the graft sections with phospho-histone H3 (a mitotic marker) and MYC so that we can determine the mitotic index in MYC-expressing cells. This analysis revealed a significantly higher mitotic index in the MYCS62D grafts than MYC grafts ([Fig. 4F](#F4){ref-type="fig"}). Overall, these results indicate that although MYCS62 phosphorylation does enhance the pro-proliferative effects of MYC, this mechanism does not account for the bulk of the cooperativity between MYC and Pim1 in our system.

Evidence of neuroendocrine differentiation in MYC/Pim1 tumors {#S12}
-------------------------------------------------------------

To characterize the cell types present in the regenerated grafts, we performed an immunohistochemical analysis using a panel of cellular markers including androgen receptor (AR), Nkx3.1, E-cadherin, CK8, p63, smooth muscle actin (SMA), synaptophysin, 'archaete-scute complex' homolog 1 (Ascl1), neuron-specific enolase (NSE), and the forkhead transcription factor FoxA2. Control, Pim1 and K67M-expressing grafts showed identical staining patterns for all of these markers ([Fig. 5](#F5){ref-type="fig"}, [Fig. S2](#SD3){ref-type="supplementary-material"} and data not shown). This is consistent with the absence of discernible pathology in 6-week Pim1 or K67M-expressing grafts ([Fig. 3](#F3){ref-type="fig"}). The HGPIN lesions in MYC or MYC/K67M grafts showed identical patterns of biomarker expression. Notably, the MYC and MYC/K67M grafts were strongly positive for smooth muscle actin staining in the surrounding hypercellular stroma ([Fig. 5](#F5){ref-type="fig"}). The hypercellular stroma does not appear to be due to stromal expression of MYC as determined by immunohistochemistry ([Fig. S3](#SD4){ref-type="supplementary-material"}). Stromal reaction has been noted in association with HGPIN lesions in several mouse models of prostate cancer ([@R33]).

Examination of MYC/Pim1 tumors showed low AR expression, loss of E-cadherin, p63, CK8 and SMA ([Fig. 5](#F5){ref-type="fig"}), consistent with an invasive phenotype. These tumors ubiquitously expressed the NE marker synaptophysin ([Fig. 5](#F5){ref-type="fig"}). Further analysis showed that these tumors also expressed the neurogenic transcription factor Ascl1 ([@R19]) ([@R36]) ([Fig. 7](#F7){ref-type="fig"}). We also noted heterogeneous expression of neuron-specific enolase ([@R14]) ([Fig. S2](#SD3){ref-type="supplementary-material"}). The tumors did not express prostate differentiation marker and tumor suppressor Nkx3.1 ([@R2]) or FoxA2, which is expressed in some neuroendocrine tumors ([@R23]) ([Fig. S2](#SD3){ref-type="supplementary-material"}). These results demonstrate that MYC/Pim1 coexpression leads to the development of high-grade cancer with features of NE differentiation within 6 weeks.

Chronic Pim1 overexpression leads to the development of low grade PIN lesions {#S13}
-----------------------------------------------------------------------------

To examine the effect of chronic overexpression of Pim1, we allowed grafts to grow for 12 weeks. While grafts from the kinase-dead mutant K67M (N=4), which were used as controls here, consisted of normal glands, Pim1-expressing grafts showed focal epithelial hyperplasia and dysplasia consistent with low grade PIN (N=4) ([Fig. 6A](#F6){ref-type="fig"}; see [Fig. 3B](#F3){ref-type="fig"} for comparison to human LGPIN). Ki67 staining showed a slight elevation of the Ki67-index in Pim1 grafts compared to K67M grafts, but did not reach statistical significance, while both the Pim1 and K67M grafts showed low levels of apoptosis ([Fig. 6C](#F6){ref-type="fig"}). Pim1 has been reported to interact with and phosphorylate several cell cycle and apoptotic molecules, including Cdc25A/C, C-TAK1, p21^cip1^, p27^kip1^ and Bad ([@R7]; [@R25]). Accordingly, Pim1 is proposed to promote proliferation and inhibit apoptosis. The lack of a discernible phenotype after 6 weeks of Pim1 overexpression suggests that the homeostatic mechanisms operating in prostatic cells are able to buffer the effects of Pim1 overexpression. At 12 weeks, we speculate that a small reduction in the rate of apoptosis in Pim1 grafts coupled with a modest increase in proliferation could account for accumulation of epithelial cells manifesting as hyperplasia.

Chronic c-MYC overexpression results in adenocarcinoma and carcinoma with neuroendocrine differentiation {#S14}
--------------------------------------------------------------------------------------------------------

Consistent with the notion that Pim1 accelerates MYC-initiated tumors, by 12 weeks, grafts expressing MYC alone produced synaptophysin-positive neuroendocrine tumors and adenocarcinoma with focal synaptophysin-positive cells ([Fig. 6A, B](#F6){ref-type="fig"}). The 12-week MYC neuroendocrine tumors expressed low levels of AR by western blot ([Fig. 6D](#F6){ref-type="fig"}) and immunohistochemical staining ([Fig. S4](#SD5){ref-type="supplementary-material"}). Neuroendocrine prostate cancer may arise directly from the transformation of rare neuroendocrine cells in the prostate or via the transdifferentiation of adenocarcinoma ([@R10]). If the neuroendocrine tumor arose from the transformation of neuroendocrine cells, one would expect to see clusters of neuroendocrine cells in precursor HGPIN lesions. However, we did not observe clusters of synaptophysin positive cells in the HGPIN lesions from any MYC or MYC/Pim1 samples. Instead, we found foci of synaptophysin-positive cells in invasive adenocarcinoma lesions as mentioned ([Fig. 6B](#F6){ref-type="fig"}). Therefore, the neuroendocrine tumors that developed due to co-expression of MYC/Pim1 or the chronic overexpression of MYC probably arose via the transdifferentiation of adenocarcinoma to a neuroendocrine phenotype. Further evidence for this hypothesis was obtained by identification of cells that coexpress AR, MYC and the NE markers synaptophysin and Ascl1 in MYC/Pim1 tumors ([Fig. 7](#F7){ref-type="fig"}). These results are consistent with recent data from human tumors where careful analysis revealed evidence of transdifferentiation from adenocarcinoma to neuroendocrine cancer ([@R17]; [@R31]; [@R37]).

Additional analysis of 12-week MYC grafts showed levels of proliferation and apoptosis consistent with tumor grade, with the neuroendocrine tumors showing the highest rates of proliferation and apoptosis ([Fig. 6C](#F6){ref-type="fig"}). Interestingly, Western blot analysis of the 12-week grafts showed overexpression of endogenous Pim1 in synaptophysin-positive MYC tumors ([Fig. 6D](#F6){ref-type="fig"}), suggesting that with progression, MYC tumors select for Pim1 overexpression, or Pim1 may be induced by neuroendocrine tumor secreted factors. These results are consistent with previous observations of Pim1 mRNA overexpression in Probasin-Myc transgenic tumors although those tumors were not reported to express markers of NE differentiation ([@R15]). On the other hand, Pim1 and L-Myc were reported to be up-regulated in neuroendocrine prostate tumors induced by combined deletion of p53 and Rb in mice ([@R44]).

Discussion {#S15}
==========

In humans, PIM1 and MYC levels are upregulated, which suggests they cooperate in prostate tumorigenesis. In this study, we found that a significant percentage of the human prostate cancer samples exhibited concurrent overexpression of MYC and PIM1, which is associated with higher Gleason grades. Therefore, we examined the effects of MYC and Pim1 overexpression in prostate carcinogenesis using a tissue recombination model. Our study has provided several insights. We demonstrated that Pim1 by itself is weakly oncogenic, consistent with previous results in lymphoma models. However, Pim1 synergizes dramatically with MYC to promote the development of advanced prostate carcinoma. Our results also demonstrate a strict requirement for Pim1 kinase activity for both its oncogenic activity and its ability to synergize with MYC.

One model of how Pim1 cooperates with MYC in transformation is by enhancing MYC transcriptional activity at various levels. These include by altering MYC phosphorylation to affect activity and stability, as well as by via modification of chromatin at MYC binding sites. We have been able, in this report, to explore the relative contribution of MYC S62 phosphorylation to the generation of tumors by using lentivirus expressing the phosphomimetic MYCS62D mutant. Our results indicate that while expression of the MYCS62D mutant did increase proliferation by approximately 2-fold, it failed to recapitulate the advanced tumor phenotype observed by coexpressing MYC and Pim1. Further studies are warranted to further dissect the mechanisms by which MYC and PIM1 cooperate in prostate carcinogenesis.

Tumors derived from the co-expression of MYC and Pim1 show evidence of neuroendocrine differentiation. Pure neuroendocrine or small cell carcinoma of the prostate is rare, and has a poor prognosis. However, partial neuroendocrine differentiation in prostate cancer, defined as expression of one or more neuroendocrine markers such as chromogranin A, synaptophysin, neuron specific enolase, L-dopa carboxylase, is more common and is associated with a poor prognosis ([@R17]; [@R31]; [@R37]; [@R41]). There is also extensive literature on the transdifferentiation of prostate adenocarcinoma to neuroendocrine phenotype. For example, LNCaP human prostate carcinoma cells can be induced to transdifferentiate to NE-like cells by androgen depletion, interleukin-6 treatment or genistein treatment ([@R12]; [@R21]; [@R26]; [@R42]). Our findings support the notion that the MYC/Pim1 tumors arise from transdifferentiation of adenocarcinoma cells to acquire neuroendocrine features rather than from the transformation of the rare neuroendocrine cell type in the prostate. First, prostate tissue recombinants are derived from adult mouse prostate cells by prostate regeneration. If rare neuroendocrine cells were transformed by oncogene expression, one would expect to see clusters of transformed neuroendocrine cells in early lesions. However, we have never observed clusters of transformed neuroendocrine cells in precursor PIN lesions. This is in contrast to the situation in which neuroendocrine cells are transformed, such as targeted expression of T antigen in the Cr2-TAg model. In Cr2-TAg mice, transformed neuroendocrine cell clusters are readily identified in PIN lesions ([@R3]; [@R16]). Secondly, we were able to identify cells coexpressing both AR and synaptophysin, consistent with transdifferentiation of adenocarcinoma cells to neuroendocrine cancer, similar to recent observations in some human prostate tumors ([@R37]) as well as in TRAMP mice ([@R20]). Our findings are reminiscent of observations made on a neuroendocrine model of prostate cancer due to prostate-specific deletion of *Trp53* and *Rb* ([@R44]). Tumors from this model were found to coexpress synaptophysin and androgen receptor and to upregulate the proneural transcription factors Ascl1 and Hes6 ([@R36]). Interestingly, the expression of pro-neural transcription factors was useful in segregating metastatic from localized prostate cancer ([@R36]).

Our findings clearly show that Pim1 kinase activity is important for the synergy between Pim1 and MYC in prostate carcinogenesis. The Pim1 has recently garnered interest as a possible molecular target in multiple cancers including lymphomas and prostate cancer. Mice deficient in Pim1 or all Pim kinases (Pim1/Pim2/Pim3) showed a very mild phenotype, suggesting that therapeutic inhibition of Pim1 may be well tolerated. Our results also suggest that Pim1 kinase inhibitor may be an effective strategy against prostate cancer progression. Our MYC/Pim1 tissue recombination model may be useful for testing therapeutic modalities aimed at inhibiting Pim1 as it avoids both the drawbacks of xenografts that use advanced cancer cell lines as well as the cost/time constraints that hamper most transgenic models.
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![Coexpression of c-MYC and PIM1 in human prostate tumors. ***A***, Representative micrographs of human prostate tumor samples showing co-expression of c-MYC (green) and PIM1 (red) by double immunofluorescence staining. DAPI was used as a nuclear counter stain. ***B***, Venn diagram showing overlap between samples positive for c-MYC and PIM1 overexpression. ***C***, Gleason grade distribution of samples coexpressing MYC and PIM1 (MYC+PIM1+) compared to samples without coexpression of MYC and PIM1 (other). MYC+PIM1+ samples are associated with higher Gleason grades. \*P \< 0.05.](nihms169530f1){#F1}

![Tissue recombination coupled with lentiviral-mediated gene transfer for expression of MYC and Pim1 in regenerated mouse prostate. ***A***, Schematic of the bicistronic lentiviral vector FM-1 used to target transgene expression together with YFP/Venus. ***B***, Scheme used for prostate recombination. Primary mouse prostate epithelial cells were infected with the indicated lentiviruses and recombined with fetal rat urogenital mesenchyme to regenerate prostates. ***C***, Representative images of sub-renal capsule grafts (arrows) after 6 weeks. Scale bar, 5mm. ***D***, Western blot analyses from 6-week graft tissue lysates with the indicated antibodies.](nihms169530f2){#F2}

![MYC/Pim1 coexpression leads to high-grade prostate cancer within 6 weeks. ***A***, H&E stained sections of 6-week grafts show normal-looking prostatic glands in control, Pim1 and K67M grafts. MYC and MYC/K67M samples show HGPIN lesions and hypercellular stroma. The MYC/Pim1 samples show high-grade tumor consistent with neuroendocrine carcinoma. Scale bar, 50 µm. Insets: Higher-magnification images. ***B***, Human prostate samples showing LGPIN (a), HGPIN (b) and neuroendocrine (small cell) carcinoma (c) are shown for comaparison. The small cell carcinoma shows classic features of this tumor type with nuclear molding, focal "salt and pepper" nuclei, and abundant nuclear debris and apoptosis. (Original magnifications for a and b 600×; c, 400×).](nihms169530f3){#F3}

![Increased cellular proliferation and MYC activity in MYC/Pim1 tumors. ***A***, Ki67 proliferative index in graft tissues. ***B***, Apoptotic index in graft tissues determined by staining for activated caspase 3. Data shown as mean ± SD, N=3. \*, *P* \<0.05 relative to control. \*\*, *P* \< 0.05 relative to all samples. ***C***, Western blot for the indicated proteins in graft tissue lysates. ***D***, Quantitation of Cyclins D1, D2 and E levels from "C" normalized to actin. ***E,*** Upper panel: Western blot for serine-62 phosphorylated MYC (MYCS62P) and total MYC. Lower panel: Quantitation of western blot data. ***F,*** Six-week grafts expressing the MYCS62D phosphomimetic mutant are similar by H&E and SMA staining to wild type MYC grafts. Scale bars, 50 µm. ***G***, Higher mitotic index (% phospho-histone H3 positive MYC-expressing cells) in grafts expressing the MYCS62D mutant (n=4) compared to those expressing wild type MYC (n=5). \*, *P* \< 0.05.](nihms169530f4){#F4}

![MYC/Pim1 coexpression shows evidence of neuroendocrine (NE) differentiation. Immunohistochemical analysis of 6-week tissue recombinants for expression of androgen receptor (AR), E-cadherin, p63, cytokeratin 8 (CK8), synaptophysin (SYN) and smooth muscle actin (SMA). MYC/Pim1 tumors showed reduced expression of AR, E-cadherin, p63 and CK8 expression and strong expression of synaptophysin. HGPIN lesions in MYC group strongly express SMA in the hypercellular stroma. Note loss of SMA staining in the MYC/Pim1 tumors, consistent with their invasive nature. SMA positive cells surrounding blood vessels in MYC/Pim1 tumor served as internal positive controls. Scale bars, 50 µm.](nihms169530f5){#F5}

![Chronic (12-week) overexpression of Pim1 results in LGPIN while MYC expression leads to a combination of adenocarcinoma and carcinoma with neuroendocrine differentiation. ***A***, H&E sections show normal-looking prostate glands in K67M grafts and epithelial hyperplasia and LGPIN (arrow) in Pim1 grafts. Twelve-week MYC grafts resulted in two types of lesions: MYC (I) showed HGPIN with invasive adenocarcinoma (arrows), while MYC (II) had high-grade tumor consistent with neuroendocrine carcinoma. N=3 each. Scale bars, 50 µm. ***B***, Immunohistochemistry for synaptophysin (SYN) shows strong expression in MYC (II) neuroendocrine tumor and isolated focal expression (arrows) in MYC (I) adenocarcinoma. Scale bars, 50 µm. ***C***, Proliferative (Ki67) and apoptotic (activated caspase 3) indices in 12-week graft tissues. \*, *P* \<0.05 relative to K67M or Pim1. \*\*, *P* \< 0.05 relative to all other groups. N=3. ***D***, Western blot analyses for the indicated proteins in 12-week graft tissues. Note increased Pim1 and reduced AR expression in MYC (II) sample.](nihms169530f6){#F6}

![Evidence that c-MYC/Pim1-induced neuroendocrine tumors arise by transdifferentiation. ***a-a"***, MYC/Pim1 graft costained for androgen receptor (AR, red), synaptophysin (SYN, green) and DNA (DAPI, blue). ***b-b"***, An adjacent section to that in '***a***' stained for MYC (green), synaptophysin (SYN, red) and DNA (DAPI, blue). Arrows point to nest of tumor cells coexpressing AR, SYN and MYC. ***c-c"***, MYC/Pim1 graft costained for androgen receptor (AR, red), synaptophysin (Ascl1, green) and DNA (DAPI, blue). ***d*** and ***d',*** An adjacent section to that in '***c'*** stained for MYC (green), and DNA (DAPI, blue). Note coexpression of AR, Ascl1 and MYC. ***d"***, Ascl1 expression (brown) in a MYC/Pim1 neuroendocrine tumor. Scale bars, 50 µm.](nihms169530f7){#F7}
